Portland State University

PDXScholar
Dissertations and Theses

Dissertations and Theses

Spring 5-21-2015

The Response of Zooplankton Communities in
Montane Lakes of Different Fish Stocking Histories
to Atmospheric Nitrogen Deposition Simulations
Jeffrey Thomas Brittain
Portland State University

Follow this and additional works at: https://pdxscholar.library.pdx.edu/open_access_etds
Part of the Terrestrial and Aquatic Ecology Commons, and the Water Resource Management
Commons

Let us know how access to this document benefits you.
Recommended Citation
Brittain, Jeffrey Thomas, "The Response of Zooplankton Communities in Montane Lakes of Different Fish
Stocking Histories to Atmospheric Nitrogen Deposition Simulations" (2015). Dissertations and Theses.
Paper 2394.
https://doi.org/10.15760/etd.2391

This Thesis is brought to you for free and open access. It has been accepted for inclusion in Dissertations and
Theses by an authorized administrator of PDXScholar. For more information, please contact pdxscholar@pdx.edu.

The Response of Zooplankton Communities in Montane Lakes of Different Fish Stocking
Histories to Atmospheric Nitrogen Deposition Simulations

by
Jeffrey Thomas Brittain

A thesis submitted in partial fulfillment of the
requirements for the degree of

Master of Science
in
Environmental Science and Management

Thesis Committee:
Angela Strecker, Chair
Yangdong Pan
Chauncey Anderson

Portland State University
2015

© 2015 Jeffrey Thomas Brittain

Abstract
Freshwater ecosystems are subject to a wide variety of stressors, which can have
complex interactions and result in ecological surprises. Non-native fish introductions
have drastically reduced the number of naturally fishless lakes and have resulted in
cascading food web repercussions in aquatic and terrestrial habitats. Additional
anthropogenic influences that result from increases in global airborne emissions also
threaten wildlife habitat. Atmospheric nitrogen deposition has been recognized as an
anthropogenic contributor to acidification and eutrophication of wilderness ecosystems.
Planktonic communities have shown declines in response to predation and shifts in
composition as a result of nutrient inputs and acidification, both of which are potential
fates of nitrogen deposition. This study identified the response of zooplankton
communities from two lakes (fish present vs. absent) in Mount Rainier National Park to
manipulations simulating an episodic disturbance event in mesocosms. The experiment
used a 2 x 2 factorial design with acid and nitrogen treatments. Treatments resulted in
significantly elevated nitrogen and decreased pH conditions from control mesocosms
over 42 days, indicating that the treatment effects were achieved. Results indicate that
zooplankton communities from lakes with different food web structure respond
differently to the singular effects of acid and nitrogen addition. Surprisingly, the
interaction of the two stressors was related to increases in community metrics (e.g.,
abundance, biomass, body size, richness, and Shannon-Weiner diversity) for both lake
types. This work can aid management decisions as agencies look to restore more aquatic
montane habitats to their historic fishless states, and assess their abilities to recover and
afford resistance to atmospheric pollution.
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INTRODUCTION
The management of the nation’s natural resources is a critical component to
ensuring that future generations are able to access and enjoy the same opportunities and
quality of life that we do today. The creation of the Wilderness Act in 1964 was one step
that has allowed the government to manage large tracts of public land for a variety of
uses (U.S. Congress 1964). Today, 758 wilderness areas have been designated and total
over 109 million acres (Meyer and Landres 2000). These lands are managed by a variety
of federal agencies including the Bureau of Land Management, the US Fish and Wildlife
Service, the US Forest Service, and the National Park Service. There were two additional
landmark statutes that helped demarcate the coming of the environmental movement in
the United States, which included the Clean Air Act (U.S. Congress 1963) and the Clean
Water Act (U.S. Congress 1972). Together, these documents were designed to help
protect our resources and prevent their deterioration.
Today, there are a number of stressors that threaten to degrade these wilderness
areas and agencies must act to limit the impacts while balancing the needs of
conservation, preservation, and utilitarian agendas. Some of these stressors are directly
related to local human activity such as recreational use, livestock grazing, fire
management, non-native species introductions, water diversions, and atmospheric
pollution (Cole and Landres 1996). Other stressors, such as increased UV radiation
(Caldwell and Flint 1994), climate change (Nogués-Bravo et al. 2007), and long distance
transport & deposition (van Herk et al. 2003) are not generally localized issues, and are
more regionally or globally based. Often these stressors can interact with one another and
can exacerbate the impacts of the other. For example, increases in annual temperature can
1

shorten periods of ice cover on lakes and increase the stress of UV radiation (Sommaruga
2001). Ultimately, concern arises around how biodiversity may be negatively affected by
combinations of these stressors (Bronmark and Hansson 2002), and communities with
negative species co-tolerance, or species with traits that make them more susceptible to
novel combinations of stressors, could experience significant negative impacts
(Vinebrooke et al. 2004). A loss of biodiversity can cause a reduction in the functioning
of an ecosystem, leaving it more susceptible to stochastic events (Naeem et al. 1994).
One successful strategy for preventing a loss of ecosystem function is known as the
insurance hypothesis, where greater species richness can lead to a buffering and
performance enhancing effect on ecosystem productivity (Yachi and Loreau 1999). Thus,
lakes with a greater diversity of species should be better able to buffer against future
environmental changes.
Stressors typically occur in natural systems either through an episodic pulse or by
chronic exposure. Episodic events can vary in their duration and intensity, resulting in
short- and long-term changes to biotic and abiotic lake conditions. For instance,
decreases in aquatic dissolved oxygen concentrations and light transmission in lakes were
observed, as well as increases in dissolved organic carbon, in response to weather-related
episodic events (Jennings et al. 2012). Episodic pulses are typical of acidification events
in aquatic systems during spring snowmelt, when lakes can experience a reduction in acid
neutralizing capacity (Schaefer et al. 1990). Chronic exposure is often linked to longer
term repeated events that impair a system and can be exemplified by the cultural
eutrophication of a waterbody (Fontana et al. 2014). Other long term impacts include the
deposition of heavy metals and persistent organic pollutants in alpine lakes, which can
2

bioaccumulate up the food chain (Rognerud et al. 2002). Collectively, these stressors can
cause systems to change over time by altering nutrient loads, introducing toxic levels of
harmful chemicals, and disrupting physical lake processes, leading to an impairment of
the organisms and their habitat. Thus, it is important to study the effects of these impacts
to predict how these systems may change in the future.

BACKGROUND
The remote alpine lakes found in high elevation regions have been referred to as
sentinels of change for their use in monitoring shifting climate regimes and levels of
anthropogenic influence across the landscape (Williamson et al. 2008, 2009, Schindler
2009, Adrian et al. 2009). These high elevation waters are often low in nutrients, specific
conductance, alkalinity, and when underlain with granitic bedrock, may have poor
buffering capacity (Armstrong and Schindler 1971, Brakke and Loranger 1987, Clow et
al. 2002). Occupying the lowest point in the catchment, they receive inputs from the
surrounding area, which influences the chemistry and morphology of the water body over
time. The rugged landscapes these lakes occupy generally make their access more
difficult, yet also create an array of sites that are exposed to unique sets of environmental
conditions. These high elevation lakes are sometimes referred to as pristine ecosystems,
but many have experienced disturbance regimes, such as nonnative species introductions
(Eby et al. 2006), atmospheric pollution (Baron et al. 2000), changes in climatic variation
(Parker et al. 2008), and an increased susceptibility to UV radiation (Schindler et al.
1996), resulting in a state that is no longer pristine. Using these systems to understand the
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interactive effects of multiple stressors allows for projections of how lakes in more
temperate climates could respond in the future.

Stressors: fish introductions
The introduction of nonnative fish species has greatly altered food web structure
in freshwater lakes (Vander Zanden et al. 1999). Widespread fish introductions have been
used to enhance recreational fisheries and provide a source of sustenance across the
world (Casal 2006). In the western United States, introductions of nonnative fish have
occurred on a large spatial scale and resulted in 95% of >16,000 historically fishless
lakes having been stocked with fish (Bahls 1992). The impacts of introduced species on
native biota and the cascading effects on food webs have been well documented
(Carpenter et al., 1985; Simon & Townsend, 2003; Dunham et al., 2004; Eby et al.,
2006). The introduction of nonnative fish into a lake allows the species to quickly assume
the position of top predator, and influence the system in several ways. Declines of
amphibians, macroinvertebrates, and plankton communities in response to trout stocking
have been observed in lakes that were historically fishless (Pilliod and Peterson 2001,
Knapp et al. 2001, Schilling et al. 2009). One of the greatest effects introduced
planktivorous fish have on the aquatic environment is size-selective predation of largebodied zooplankton, like Daphnia spp. (Brooks and Dodson 1965). Even when fish are
absent, zooplankton taxa have been shown to shift towards smaller-bodied taxa as a
phenotypic response when fish cues are present (Stibor 1992), suggesting that fish have a
multitude of complex effects on aquatic communities. Several studies have shown that
recovery is possible for many of these communities once fish are removed (Knapp and
4

Matthews 2000, Parker et al. 2001, Hoffman et al. 2004); however the duration of the
disturbance may influence the rate of recovery (Donald et al. 2001).
Animals can play an important role in the release, uptake, and recycling of
nutrients in aquatic ecosystems (Vanni 2002). Fish have been shown to facilitate nutrient
recycling of nitrogen (N) and phosphorus (P) through excretion and bioturbation of
sediment accumulated from the benthic zone into the water column (Sarnelle and Knapp
2005, Vanni et al. 2006, Sereda et al. 2008). The biologic regeneration of phosphorus was
also found to be an important function of plankton communities, and revealed higher
estimated regeneration rates than were observed from fish communities (Hudson et al.
1999). Schindler et al. (2001) found a positive relationship between fish biomass and P
cycling, and estimated that this contribution of nutrients was equal to that which is
received by P deposition. As stocking results in higher nutrient recycling rates, the
cumulative additions of nutrients from fish to the water column can increase primary
production for the duration of the fish presence (Schindler et al. 2001). In lakes where
fish populations are at a high biomass, either due to continuous stocking or successful
reproduction, primary productivity is expected to be increased as well (i.e., more
eutrophic), and less efficient small-bodied grazers will dominate the zooplankton
community as a result of size-selective fish predation (Hall et al. 1976). In lakes where
fish are absent, a higher abundance of large-bodied zooplankton is expected (Liss et al.
2002). This indicates that the fish stocking history of alpine lakes plays a large role in the
food web structure as well as the cycling of available nutrients.
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Stressors: nitrogen deposition
The rates of atmospheric nitrogen deposition have increased across the planet in
the last two centuries, with predictions for further increases as energy and food demands
increase in response to population growth (Galloway et al. 2004). Increased nitrogen
deposition across Europe and North America has elevated levels of concentrations in
lakes and stimulated primary productivity (Bergström and Jansson 2006). Although not
all regions experience high deposition due to greater precipitation and dilution of surface
waters, direct measurements are difficult because of constraints related to high
topographic relief (Clow et al. 2002). In parts of the western US, low levels of nitrogen
deposition have been recorded with an extensive network of monitoring stations, and
have been linked to elevated lake nitrate concentrations and shifts in phytoplankton
communities (Baron et al. 2000). The differences in topographic relief, soils, vegetation
cover, N demand, and flushing rates between the Eastern and Western U.S. suggest that
waterbodies in the West are likely to be more sensitive to lower deposition rates,
compared to waterbodies in the East that are closer to N saturation (Baron et al. 2011).
Nitrogen deposition can impact aquatic systems by increasing the amount of reactive
nitrogen, which could result in both acidification and eutrophication (Galloway et al.
2003). The development of estimates for critical loads of atmospheric deposition in the
U.S. indicate that ecological effects are expected to occur at >1 kg·ha-1·yr-1
(eutrophication) and at >4 kg·ha-1·yr-1 (acidification) (Baron et al. 2011, Saros et al.
2011, and Nanus et al. 2012).
Acidification can have negative effects on zooplankton communities such as
reductions in abundance, and a shift towards more acid-tolerant species (Havens et al.
6

1993). When exposed to sulfuric acid in controlled settings, phytoplankton exhibit a
reduction in diversity and shift towards acid-tolerant species, similar to the effects seen
from acidification due to atmospheric sulfate deposition (Schindler et al. 1990). Schindler
(1990) found that phytoplankton biomass may increase as a result of decreased predation
from zooplankton and increases in larger inedible phytoplankton species. Under acidified
conditions, zooplankton diversity and biomass decline (Confer et al. 1983), particularly in
herbivorous (McCullough and Horwitz 2010) and large-bodied taxa (Barmuta et al. 1990,
Keller and Yan 1998). Although atmospherically-deposited nitrogen tends to be quickly
utilized (Peterson et al. 2001), the dilute and poorly buffered nature of alpine lakes leaves
them susceptible to acidification events (Melack and Stoddard 1991). Nitrogen deposition
is of particular concern because, unlike sulfur deposition, its compounds can both acidify
(Fowlera et al. 1992) and eutrophy (Paerl 1997) ecosystems.
The effect of freshwater eutrophication on plankton communities has been well
studied. Nutrient additions can lead to enhanced growth rates of phytoplankton
production, as well as nuisance and harmful algal blooms (Anderson et al. 2002). It has
been shown in eutrophic conditions that zooplankton abundance can be positively
correlated with phytoplankton biomass, responding to booms and busts in nutrient
availability, making them useful bio-indicators of change (Hsieh et al. 2011). Others have
found that oligotrophic systems allow for bottom-up forces to be more significant in
controlling the biomass and size structure of organisms, indicating that as systems
become eutrophic, top-down controls become stronger (McQueen et al. 1986). However,
zooplankton biomass can be negatively correlated with high fish biomass, which can play
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a greater role in controlling the zooplankton community compared to nutrient additions
(Vakkilainen et al. 2004).
Stressors: interactions
Multiple stressors are common in natural systems, yet it is difficult to predict
whether their interaction will have increased or decreased stress effects on communities
(Folt et al. 1999). As lakes experience substantial nitrogen inputs, their susceptibility to
eutrophication increases, and the risk of acidification can be coupled if poorly buffering
soils are present (Galloway et al. 2003), or if nitrogen saturation elevates nitrate
concentrations in surface waters (Stoddard 1994). In ultra-oligotrophic lakes it is possible
that slight nitrogen increases may not lead to degradation, but rather enrich the system by
providing a limiting nutrient, after which further perturbation pushes the system beyond
its normal operating range, leading to stress effects (Odum et al. 1979). The preexisting
conditions of the ecosystem largely determine whether acidification or eutrophication
occur first; however both cases can result in a loss of diversity, through declines in
phytoplankton richness and evenness (Baron et al. 2011). Acidification and
eutrophication have been shown to cause shifts in phytoplankton species composition,
which indicates the significance of these two stressors when in combination (Lafrancois
et al. 2004). However, no studies have explored how these stressors impact plankton
communities based on differences in food web structure that result from historical fish
stocking.
The impacts to aquatic communities that have been associated with fish stocking
are likely to cause differences in the ways that communities with and without fish
presence could respond to nitrogen deposition. In a lake with planktivorous fish present,
8

the zooplankton community is likely to be dominated by rotifers and small-bodied adult
crustacean zooplankton taxa, while a fishless lake would exhibit a greater abundance of
large-bodied adult crustacean taxa (Figure 1). Rotifers and smaller-bodied crustacean
(such as Chydorus sphaericus) are often more resilient to declines in pH and can tolerate
thresholds ≤ pH 3.0 (Deneke 2000), while large-bodied adult crustaceans taxa (such as
Daphnia spp.) decline at thresholds < pH 6.0 (Havens et al. 1993). Therefore, lakes with
fish present may have zooplankton communities that are altered to better buffer against
increases in acidity, while fishless lake zooplankton communities may be less resilient
due to a greater abundance of sensitive taxa. Rotifers and smaller-bodied crustacean taxa
are typically less efficient grazers with lower grazing rates compared to communities
dominated by large Daphnia (Cyr and Curtis 1999), thus it would be expected that
increased algal biovolume due to nitrogen addition could be more likely to lead to algal
blooms in communities present with fish. As aquatic montane systems receive inputs of
atmospheric nitrogen deposition these stressors could interact with one another to
increase pressure on native biota through decreases in food availability and quality, as
well as acute and chronic mortality.

Project purpose & hypotheses
This study seeks to identify the response of zooplankton communities in lakes of
differing fish stocking histories to acidification and eutrophication manipulations in
mountain lakes. Although much work has been done to study the ecological effects of
nitrogen deposition in the Colorado Front Range of the Rocky Mountains and the Sierra
Nevada, understudied regions of the Cascade Mountains in Oregon and Washington have
9

been identified (Fenn et al. 2003, Nanus and Clow 2004). The Cascades contain a
relatively high percentage of lakes believed to be N-limited, thus making them
susceptible to chemical and biological changes from nitrogen deposition, and potentially
may result in a shift to phosphorus (P)-limitation (Elser et al. 2009, Baron et al. 2011). A
mesocosm experiment was conducted to subject zooplankton communities to treatments
and record the singular and interactive effects of acid and nitrogen manipulations over
time. It was expected that differences in montane lake food webs resulting from fish
stocking would result in dissimilar outcomes for community and taxa level responses,
thus the experiment was replicated for zooplankton communities from a fish stocked lake
and a fishless lake. It was expected that zooplankton density and biomass would decline
in response to the acid and nitrogen + acid treatment combination, with the greatest
declines in the zooplankton from the fishless lake community, while composition would
remain similar for zooplankton from the fish stocked lake and shift to smaller-bodied taxa
in the fishless community, similar to the results observed in Lafrancois et al. (2004). The
nitrogen treatment was expected to create more eutrophic conditions in the stocked lake
community due to less efficient grazing, while the fishless lake zooplankton community
would more effectively control resulting phytoplankton growth (Brooks and Dodson
1965), and increase in abundance (Figure 1).

METHODS
Study site
The experiment took place at Mount Rainier National Park at the park
headquarters in Longmire, Washington, USA (Figure 2). Minimal disturbance to native
10

flora and fauna was achieved by placing the main tank array outside of the designated
wilderness area, and using a common garden experimental design to source water from a
single site, Mowich Lake, which has similar physical and chemical characteristics to
other study lakes, discussed below (Table 1). A common garden design is ideal for this
type of study because both communities were subjected to the same conditions, allowing
for changes to be attributed to the treatments. Mowich Lake is the deepest lake in the
park and water withdrawal posed the smallest disruption of habitat compared to the
smaller study lakes.
Zooplankton were collected from Snow Lake and Clover Lake, which were both
historically fishless waterbodies, but were subjected to a legacy of formal and informal
fish stocking. The park began recording stocking data for both lakes in 1926, which
included introductions of steelhead and rainbow trout (Oncorhynchus mykiss), cutthroat
trout (Oncorhynchus clarkii), and brook trout (Salvelinus fontinalis) until 1962 (Clover
Lake) and 1970 (Snow Lake) (B. Samora, unpublished data). Snow Lake continues to
support populations of fish (B. Samora, unpublished data), while the absence of fish in
Clover Lake was confirmed by snorkel surveys in 2013. Historical sampling data
collected from the lakes (1989-2004) indicated that the zooplankton communities of
Snow and Clover lakes were representative of typical fish-present and fishless lakes,
respectively (B. Samora, unpublished data). Similar to lakes in the Sierra Nevada, fishless
Clover Lake is characterized by a large abundance of adult crustacean taxa, while stocked
lakes with fish present, like Snow Lake, are dominated by rotifers (Knapp et al. 2001).
Like many lakes in the Cascades, these sites are oligotrophic and remain frozen over for
much of the year.
11

Experimental set-up
A 2 x 2 factorial design was used to allow two treatments (acid and nitrogen) to
be studied at two levels (with and without addition) (Figure 1). Each treatment
combination was replicated four times. Thirty-two 140L grey Rubbermaid polyethylene
tanks (82cm x 52cm x 47cm) were used to simulate ambient, pelagic lake conditions.
Tanks were filled with water from the epilimnion of Mowich Lake, which was filtered
through 80µm mesh, and inoculated with zooplankton over a two day period.
Zooplankton were collected using a 30cm diameter plankton net with 80µm mesh, stored
in 19L carboy containers, and transported to the experimental tanks, where they were
added to tanks at 1.5x ambient density from each source lake. Aquatic predators, such as
mosquito larvae, were removed by hand. Half of the tanks were filled and inoculated with
plankton from the fish-stocked lake, Snow, on 14 August 2013, and the second half of the
tanks were filled and inoculated with plankton from the fishless lake, Clover, on 15
August 2013. Two reference tanks were placed along the shoreline of both Snow and
Clover lakes, and filled with water from the corresponding lake to serve as a quality
assurance measure that using tank water from Mowich Lake did not influence the
response variables. Both reference tanks were also stocked with zooplankton from their
respective lakes using the described methods.
Treatments of nitrogen and acid (as KNO3 and HCl, respectively) were added on
17 August 2013 to randomly assigned tanks, simulating a single episodic pulse
characteristic of a spring melt event. Tanks with nitrogen addition received 0.5 mg∙L-1 of
KNO3 to mimic a tenfold increase representing potential nitrogen concentrations resulting
from spring glacial melt as observed in other mountainous areas of the West (Clow and
12

Campbell 2008, Baron et al. 2011, Nanus et al. 2012). Tanks with acid addition were
titrated to an endpoint of pH 5.5 to mimic moderate acidification, which has been used in
similar studies to identify impacts occurring because of atmospheric deposition
(Lafrancois et al. 2004).

Sampling and sample processing
Sampling of experimental tanks took place weekly, from 16 August 2013 (week
1, pre-treatment baselines) to 20 September 2013 (week 6). The lakes were also sampled
each week, along with reference tanks located on the shoreline, to compare differences in
environmental conditions and plankton composition between the actual and experimental
communities. Water temperature, dissolved oxygen, and conductivity were measured
from mid-depth in the tanks and in the lakes at 1 meter intervals using a YSI ProPlus
(Yellow Springs, OH). The pH was measured in-situ using an Orion 290A pH meter
(Thermo Fisher Scientific, Waltham, MA). Water for nutrient analysis was collected from
the epilimnion of lakes using a 10m long, 2.54cm diameter tygon tube, and from the
tanks with grab samples once they had been mixed. Water was transferred into 125ml
HDPE bottles and kept cool until frozen in the lab. Total phosphorus (TP) samples were
prepared and digested following CCAL 41A.0 method (Cooperative Chemical Analytical
Laboratory 2010), and analyzed on a Shimadzu UV-1800 Spectrophotometer (Shimadzu,
Kyoto, Japan). In order to test whether the nitrogen addition was effective, a subset of
tanks which received nitrogen (n=8) were randomly chosen and sampled after the
treatment application along with all tanks on week 6. Total nitrogen samples (TN) were
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analyzed at CCAL Lab following CCAL 33A.3 method (Cooperative Chemical
Analytical Laboratory 2013).
Water for chlorophyll analysis was divided into two fractions, one passing
through a 35µm filter to represent the highly edible algal fraction (Cyr and Curtis 1999),
and one unfiltered to represent total algae, using chlorophyll a (chl a) as a proxy of algal
biomass. Each fraction was then filtered through a 1.2μm pore size glass fiber filter and
frozen. Periphyton was collected on two porcelain tiles, which were placed in the tanks
on Week 1, scraped on weeks 3 and 6, and filtered through a 1.2μm glass fiber filter.
Chlorophyll a was extracted with acetone for 20 h in a dark refrigerator, and
concentrations were measured on a TD-7200 fluorometer with a Trilogy Chl a NA
Module (Turner Designs, Sunnyvale, CA), following EPA Method 445 (Arar and Collins
1997).
Zooplankton were sampled from each tank by mixing the water and collecting
from the bottom to the top of the tank using a 2.5L scoop bucket, and poured through an
80µm mesh filter. Six replicate hauls, representing a total filtered volume of 10% of the
tank volume, were collected. Zooplankton were preserved in a 70% ethanol solution.
Taxonomic guides were used to identify adult crustacean taxa (Thorp and Covich 2009,
Haney 2013) to species level when possible using a Leica M165C microscope and
IC80HD camera (Leica Microsystems Inc., Buffalo Grove, IL), following EPA protocol
(Environmental Protection Agency 2003). Zooplankton abundance was calculated by
counting the entire sample, which ranged from 0 to 459 individuals (mean = 71.2 ± SD
86.6). Biomass was estimated by measuring the length of a subset of ten animals per taxa
in each sample, which were averaged to calculate biomass with length-weight regressions
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(McCauley 1984, Culver et al. 1985, Lawrence et al. 1987). Zooplankton body size was
calculated based on length measurements, using abundance-weighted averages in each
treatment.

Statistical analyses
This experiment was designed to use two fates of nitrogen deposition
(eutrophication and acidification) to test the singular and interactive impacts on the
plankton communities in lakes with fish presence and absence. Two-factor analysis of
variance (ANOVA) and two-factor repeated measures ANOVA (RM-ANOVA) were run
using R version 3.0.1 (R Core Team 2013) with the EZ library (Lawrence 2013).
Environmental conditions (temperature, dissolved oxygen, specific conductance, pH, and
total phosphorus), total chlorophyll a, and edible chlorophyll a were compared between
treatments using a RM-ANOVA performed separately on the two lake types
(zooplankton from fish-stocked and fishless lakes) for weeks 2-6 (excluding week prior
to treatments being added), since measurements taken in the same unit over time violated
the ANOVA assumption of independence. A two-way ANOVA was used on total
nitrogen for week 6. Periphyton growth as measured in chlorophyll a was tested with a
two-factor RM-ANOVA on samples for week 4 and 6. Variables with statistically
significant interactions were compared between treatments using averaged values for
weeks 2-6 to generate interaction plots.
Zooplankton responses to experimental treatments, including abundance, biomass,
body size, species richness, Shannon Weiner diversity, and individual taxa abundance
were tested with a two-factor RM-ANOVA for weeks 2-6. A principal component
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analysis (PCA) was run on the dominant taxa (present in >5% of the samples) to
determine how overall abundance changed within each treatment in both lake types over
time, and identify associations between individual taxa and treatments. The PCA was run
using R version 3.0.1 (R Core Team 2013) with the MASS library (Ripley et al. 2014).
The taxa abundance data was normalized using a log transformation (ln(x)+1) and scaled
for differences in magnitude of density. Scores from the first two components were
averaged by treatment type and week to represent changes by treatment over time.
The assumptions of normality, homogeneity, and sphericity were tested using the
Shapiro-Wilk, Levene’s, and Mauchly’s tests, respectively. Violations of sphericity
(p<0.05) used adjusted degrees of freedom (n(n+1)/2-1) and Greenhouse-Geisser
corrections (when ε <0.75). Environmental conditions and zooplankton community data
between treatments were compared on week 1 with a two-factor ANOVA and determined
that there were no significant differences prior to treatment application (Appendix A),
except for body size, which was significantly greater in the nitrogen treatment in the
fishless lake zooplankton community (F1,12=9.505, p=0.009). Although the average
difference in body size was minimal (Nitrogen = 1247µm ± 92 (standard deviation),
Control = 1161µm ± 230), treatment interactions associated with body size in the fishless
lake community were analyzed using the time × nitrogen statistic to interpret the main
effect of nitrogen. Differences in community metrics and environmental conditions
between the control and reference tanks were compared with a multivariate ANOVA
(MANOVA) to determine if there were any effects of water source on response variables
(R Core Team 2013).
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RESULTS
Environmental conditions
The treatment application in the tanks created different conditions and suggests
that these simulations were responsible for impacting the plankton communities rather
than the minor differences that existed in other environmental conditions. Total nitrogen
was significantly higher (33%) in tanks with nitrogen addition (average 0.28 mg∙L-1)
compared to tanks without nitrogen addition on week 2 (average 0.21 mg∙L-1), indicating
that the nitrogen addition was successful (F1,15=12.543, p=0.003) (Appendix B). As
expected, specific conductance was significantly greater, while pH was significantly
reduced, in the acid treatment for both the stocked lake (specific conductance,
F1,12=47.155, p= <0.001: acid, F1,12=79.016, p= <0.001) and fishless lake (specific
conductance, F1,12=10.610, p= 0.007; acid, F1,12=28.118, p= <0.001) communities over
the experiment (Appendix C, D).
There were few differences in water temperature between treatments over time;
however there were significant effects of the acid treatment in the zooplankton from the
stocked lake and a significant nitrogen × acid interaction in the fishless lake zooplankton
community (Appendix C, D). These differences did not likely affect the biological
communities: on average, temperature varied less than 0.30 °C between all tanks.
Dissolved oxygen levels were not significantly different between tanks throughout the
experiment for either community (Appendix C, D). Total phosphorus increased on
average by an order of magnitude in all tanks during the experiment and was also
significantly greater in the acid treatment over time in both the stocked (F1,12=3.457,
p=0.015) and fishless lake (F1,12=7.902, p=<0.001) community, with 20% and 25%
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increases, respectively, compared to control tanks (Appendix C, D). Total nitrogen was
not observed to be significantly different between treatments on week 6, however there
was a trend towards increased concentrations for the nitrogen treatment in the stocked
lake community (F1,12=3.658, p=0.08; Appendix C). This reduction in total nitrogen
concentration on week 6 was likely due to biological uptake of the limiting nutrient,
which was not re-applied after the episodic simulation on week 2.
Total chlorophyll a concentrations were significantly greater in the nitrogen
treatment in the stocked lake community (F1,12=6.496, p=0.026; Table 2, Figure 3).
Edible chlorophyll a concentration was significant in relation to the nitrogen × acid
interaction in the stocked lake community, whereby nitrogen had a positive effect in the
presence of acid (F1,12=5.485, p=0.037; Table 2, Figure 4). The fishless lake community
trended towards an opposite reaction whereby acid had a negative effect in the presence
of nitrogen (F1,12=4.64, p=0.052; Table 2, Figure 3). Although concentrations appeared to
be greater in the nitrogen treatment in both communities, there were no differences
between treatments in periphyton growth (Table 2, Figure 3).
Lakeside reference tanks were dissimilar from control tanks for zooplankton
community metrics in the stocked lake community, which was driven by increased
Shannon-Weiner diversity in the reference tanks (Appendix E). Both communities
differed in environmental conditions, which was to be expected because of locational
differences between reference and control tanks, and was driven by slight increases in
total chlorophyll a, temperature, specific conductance, and dissolved oxygen in the
control tanks (Appendix E). Source water was not believed to be responsible for these
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differences between reference and control tanks due to similarities in physicochemical
conditions of the study lakes.

Zooplankton community response
A principal component analysis (PCA) of the dominant taxa revealed differences
and changes in overall abundance between both communities over time, with 58%
(PC1=36%, PC2=22%) and 82% (PC1=61%, PC2=21%) of the total variance explained
by the first two axes for the stocked and fishless lake zooplankton communities,
respectively (Figure 5). The eigenvectors for the PCA revealed that dominant taxa cluster
and project toward different spaces between both communities, which is driven by taxa
abundance for the given treatments. Few treatments illustrate a clear weekly path within
the plots, illustrating that changes over time were influenced by multiple species. The
fishless lake zooplankton community was positively correlated with increases in the
abundance of H. franciscanus and H. gibberum, in relation to the nitrogen and nitrogen ×
acid treatments for weeks 1 and 2, while weeks 5 and 6 from the control tanks were
positively correlated with increases in the abundance of Scapholeberis, E. agilis, and D.
pulex. The stocked lake zooplankton community was positively correlated with increases
of H. gibberum in relation to the control for week 6, E. agilis for nitrogen × acid in week
6, Scapholeberis for acid in weeks 4 – 6, and H. franciscanus and H. gibberum for
nitrogen × acid in week 2. The difference between clusters of data point produced for
both communities indicated that their composition differed and responded differently to
the treatments over time (Figure 5).
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Stocked lake community
The stocked lake zooplankton community slightly increased in abundance across
all treatments, however there were no significant treatment differences (Table 3, Figure
6a). The abundance in the treatment tanks was typically greater than those measured in
the lake, likely reflecting a release from predation pressure (Figure 6a). Biomass
increased by 167% in the acid treatment compared to the control, resulting in a
significant difference over time (F4,48=3.298, p=0.018) (Table 3, Figure 6c). Biomass in
the tanks was typically within the range measured in the lake (Figure 6c). There was a
significant interaction of nitrogen × acid in relation to body size (F1,12=6.928, p=0.022;
Table 3, Figure 6e, 7), and Shannon-Weiner diversity (F1,12=6.735, p=0.023; Table 3,
Figure 6g, 7), in which acid addition had a positive effect on abundance in the presence
of nitrogen, but no effect in the absence of nitrogen in the stocked lake community.
Richness appeared to increase across most treatments, however tank values were
typically lower than was observed in the lake (Figure 6i). The interaction of nitrogen ×
acid in the stocked lake community trended towards a positive effect of acid on species
richness in the presence of nitrogen, and a negative effect without nitrogen addition
(F1,12=3.880, p=0.072; Table 3, Figure 6i, 7).

Fishless lake community
The fishless lake zooplankton community decreased in abundance over time, yet
showed a significant increase in relation to the nitrogen treatment (F4,48=4.875, p=0.002),
and trended towards an increase in the presence of nitrogen and acid addition as well
(F1,12=3.216, p=0.098; Table 3, Figure 6b, 7). The tanks mimicked ambient lake densities
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throughout weeks 3-6 of the experiment (Figure 6b). Zooplankton biomass was altered by
treatments, with significant increases in the nitrogen treatment (F4,48=4.535, p=0.003) and
declines in the acid treatment (F4,48=2.816, p=0.035; Table 3, Figure 6d). The biomass of
the fishless lake community increased in the presence of both acid and nitrogen addition,
though not significantly (F4,48=2.279, p=0.074; Table 3, Figure 6d, 7). Shannon-Weiner
diversity was not significantly different between treatments and was typically lower than
the lake (Figure 6h). Species richness was similar to that of the lake throughout the
experiment, and showed an increase in the nitrogen treatment over time (F4,48=3.288, p=
0.032) (Table 3, Figure 6j).

Zooplankton species response
Stocked lake community
Changes in the relative abundance of species between weeks 1-6 illustrate the
impact of experimental treatments (Figure 8). The stocked lake zooplankton community
exhibited no significant difference in the response of H. gibberum abundance between
treatments (Table 4, Figure 9a). D. pulex abundance showed a significant relationship
with the nitrogen × acid interaction (F1,12=6.102 p=0.029), where abundance increased in
the presence of both nitrogen and acid (Figure 10). D. pulex was not detected in tanks that
received an acid addition after week 2 (Figure 9c). H. franciscanus abundance increased
by 54% in acidified tanks (F4,48=4.648 p=0.003) (Table 4, Figure 9e). E. agilis was
detected for weeks 3-6 and increased in acidified tanks by 107% (Table 4, Figure 9g).
Scapholeberis was detected in most treatments for weeks 3-5 and abundance was not
significantly different between treatments (Table 4, Figure 9i).
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Fishless lake community
The presence and dominance of species varied by treatment throughout the
experiment and can be compared based on changes in relative abundance (Figure 8).
Taxa from the fishless lake zooplankton community exhibited several significant
relationships resulting from treatments. H. gibberum abundance responded with an
increase of 16% in tanks with nitrogen addition (F4,48=2.727, p=0.040) (Table 4, Figure
9b). D. pulex was not observed to exhibit a difference in abundance between treatments,
but did decrease in the acid treatments by 70% (Table 4, Figure 9d). H. franciscanus
abundance significantly increased in the nitrogen treatment by 15% (F1,12=8.610,
p=0.013; Table 4, Figure 9f). Detection of E. agilis was low for weeks 4-6 and showed
no significance between treatments (Table 4, Figure 9h). Scapholeberis was detected for
weeks 3-6 and trended toward abundance increases in response to nitrogen (F4,48=2.181,
p=0.085) and decreases in response to acid (F4,48 =2.267, p=0.076) (Table 4, Figure 9j).

DISCUSSION
Nitrogen deposition can lead to acidification and eutrophication in high elevation
lakes, many of which have been subjected to the introduction of top predator fish species,
which could further stress communities characterized by a few specialized species. Fish
stocking can cause a number of negative ecological impacts and planktivorous taxa can
apply significant pressure on aquatic communities (Eby et al. 2006), particularly through
size selective predation on zooplankton (Brooks and Dodson 1965). For aquatic
ecosystems that receive atmospheric nitrogen deposition, this study indicates that,
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contrary to expectations, zooplankton communities in fish stocked lakes could experience
increases in diversity, richness, and body size. Data from initial tank stocking as well as
weekly lake sampling indicate that biomass and body size were both greater in the
fishless lake community, confirming the predation hypothesis (Brooks and Dodson 1965,
Eby et al. 2006). The simulation of acidification and eutrophication resulted in shifts in
zooplankton community and taxa level responses for both lake types, which may indicate
that the stocked lake zooplankton community is more resilient to acid addition, while the
fishless lake zooplankton community is more resilient to nitrogen addition (Table 5).

Acidification
It was predicted that both zooplankton communities would respond negatively to
the acid treatment and result in declines to the more acid sensitive taxa such as Daphnia
pulex (Walton et al. 1982) and Hesperodiaptomus franciscanus (Havas and Hutchinson
1982). Although there was a significant decline in the biomass of the fishless lake
zooplankton community related to the acid treatment, the stocked lake community
responded with a significant increase. Interestingly, this increase in biomass in the
stocked lake community was driven by an increase in abundance of H. franciscanus.
Although H. franciscanus was not expected to tolerate acidification well, it showed a
distinct increase in abundance on week 2 and slightly increased on week 5 in the acid
treatment. However, simple linear regression indicated that H. franciscanus had a
negative relationship to the acid treatment in the fishless lake (R21,22=0.45, p=<0.001)
zooplankton community throughout the duration of the experiment. This apparent
increase in abundance in the stocked lake community could be explained by a lack of
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interspecific competition in the acid treatment on the stocked lake community, which
allowed H. franciscanus to utilize the available resources. However, zooplankton
densities were low and the increase in relative abundance of Scapholeberis and Chydorus
sphaericus could have also contributed to this trend. Conversely, the fishless lake
zooplankton community exhibited declines in both H. franciscanus and H. gibberum
throughout the experiment and more tolerant taxa, like Scapholeberis and C. sphaericus,
were not detected in the acid treatments. D. pulex abundance responded negatively to
decreases in pH in both communities, which was expected considering its low tolerance
to acidic conditions (Wollmann et al. 2000). More acid-tolerant taxa were expected to
increase in abundance in the acid tanks after the additions; however this was not
observed. One of the most acid tolerant taxa, C. sphaericus (Belyaeva and Deneke 2007)
was only observed in one tank (an acidified treatment on week 6) during the experiment.
The fishless lake zooplankton community did not have any particular taxa with
significant declines due to the acid treatment. However, another acid-tolerant taxa in the
community, Scapholeberis (Belyaeva and Deneke 2007), trended towards a decline in
abundance in relation to the acid treatment. These results indicate that the acid treatment
had a more negative effect on the fishless lake zooplankton community, while the stocked
lake community showed a positive effect, which suggests that low species richness may
limit the ability of a community to adapt to increased acidity and could lead to a loss of
ecosystem function (Yachi and Loreau 1999).
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Eutrophication
As predicted, the fishless lake zooplankton community increased in abundance
and biomass in response to the nitrogen treatment. Species richness also tended to
increase in relation to the nitrogen addition, however body size did not appear to change.
Zooplankton richness has been previously shown to increase in response to nutrients in
low productivity systems, which shift to an intermediate level of productivity when more
resources are added to the system (Dodson et al. 2000). Both H. gibberum and H.
franciscanus increased in abundance in relation to the nitrogen treatment and were likely
responsible for the increase in the community metrics. Daphnia pulex remained low in
the fishless lake zooplankton community until week 4, which is surprising considering
that in other systems, Daphnia outcompete H. gibberum for food (Allan 1973, Tessier
1986). The abundance of Scapholeberis also appeared to increase, yet played a smaller
role in the community level metrics for the fishless lake zooplankton community.
This overall increase in abundance and biomass could be due to increased food
availability, as increases in chlorophyll a concentration (Figure 3) may indicate greater
primary productivity. A relatively higher resource environment may have allowed H.
gibberum and H. franciscanus to grow and reproduce more quickly compared to
Daphnia. Similarities in the grazing diets of the herbivorous species (H. gibberum & D.
pulex; Arnold 1971, Stenson 1973), along with overlap of the omnivorous genus
(Hesperodiaptomus;(Maly and Maly 1974, McNaught et al. 1999)), could have increased
the demand for phytoplankton consumption, and led to greater interspecific competition
in which H. gibberum and H. franciscanus suppressed D. pulex. Declines in chlorophyll a
concentration in the nitrogen treatment on week 4 may relate to a reduction in the food
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supply, potentially from over-consumption, and allowed D. pulex to increase in
abundance in a lower resource environment. The stocked lake zooplankton community
did not show any significant trends related to the nitrogen treatment, and typically
trended towards declines in community metrics.

Interaction of nitrogen and acid
Negative impacts can result from acidification and eutrophication in aquatic
systems; however this study sought to explore the interactions that could result from both
stressors occurring at the same time. Previous work has observed declines in crustacean
zooplankton biomass from fish-stocked lakes as a result of nitrogen and acid addition
causing phytoplankton to become less palatable (Lafrancois et al. 2004). The abundance
and biomass of zooplankton from the stocked lake community was not affected by the
combined treatment of acid and nitrogen, but body size and diversity both increased
compared to controls (Table 5, Figure 6, 7). The increase in body size could be explained
by the acid addition reducing the abundance of smaller individuals (Figure 6e), and
leaving the larger individuals to consume the available food resources. The response in
diversity may have resulted from a decrease in acid sensitive species, like H.
franciscanus, that initially had a greater relative abundance, and an increase in more acid
tolerant taxa, like E. agilis, which were lower in abundance or absent in the first few
weeks (Figure 8). The richness of the stocked lake zooplankton community also tended to
increase in relation to the interaction of both acid and nitrogen addition, which could also
be explained by the identification of new taxa not observed in the first few weeks, or
whose distribution was too patchy to detect on a regular basis.
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The fishless lake zooplankton community did not show any significant
interactions for any community or taxa response; however it did show trends of increased
abundance and biomass with the addition of both nitrogen and acid. This trend towards
increased abundance and biomass of the fishless lake community could be a result of the
increase in H. gibberum and H. franciscanus abundance on week 2, before the acid
treatment could cause chronic or delayed impacts (Figure 6 - 9). Another possible
explanation is that some taxa (H. gibberum and Scapholeberis) were released from
competition as a result of the acid treatment removing acid-sensitive taxa (H.
franciscanus and D. pulex) from the community, allowing H. gibberum and
Scapholeberis to reproduce and grow, taking advantage of the higher nitrogen availability
(Figure 3 a, c). The overall trend towards an increase in abundance and biomass was
unexpected and did not yield a negative treatment effect of decreased abundance and
biomass. Instead of compounding negative individual effects of both variables, their sum
was less harmful than predicted. This finding is not uncommon for a study of multiple
stressors, and indicates that complex interactions between environmental factors can
yield unexpected results (Folt et al. 1999).

Study limitations
This project was conducted to identify the response of zooplankton
communities to nitrogen deposition simulations. In order to observe the most realistic
response, these experiments would have been conducted in the waterbodies themselves as
part of a whole-lake design, to include all the complexities present at the ecosystem scale.
These types of experiments can be costly to complete, and in general are not
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commonplace. Instead, cattle or mesocosm tanks are often used to recreate similar
conditions to the waterbody, which pose little threat to the ecosystem (Strecker et al.
2004, Vakkilainen et al. 2004, Preston et al. 2012). Small-scale experiments have been
criticized for misrepresenting lake dynamics and attempting to extrapolate to the
ecosystem level (Schindler 1998). The alterations to a community of organisms that
coincide with a mesocosm experiment (stress from collection and transportation,
introduction to a smaller environment, withdrawal or addition of predators) can lead to
bottle effects that could also be responsible for changes in response variables, in addition
to the prescribed treatments. Although inoculation and collection methods were
standardized across all tanks and lake types for this experiment, it is possible that the
communities harvested from the lakes developed at different rates in the tanks. This could
have resulted in differing compositions between the tanks and lakes, however the
zooplankton community metrics and species data reveal that values observed in the tanks
were often within the range observed in the lakes (Figure 6, 9).
The regulations for research in national parks and designated wilderness lands
restrict the scale at which experiments can be conducted, thus we chose a design with a
moderate water volume and number of replications. The tanks performed as expected,
retaining their contents for the entire study period with the exception of damage of one
reference tank at Clover Lake, which likely resulted from wildlife. The tanks were
isolated from the waterbodies, placed on the shorelines and at the park headquarters in
Longmire, and thus lacked the realism of in-situ mesocosms. Mesocosms which occupy
the waterbody, share the same water, experience the same physical diurnal fluctuations,
and extend to the sediment can be ideal for some studies, yet can also confound results
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due to plankton hatching from sediments and nutrient cycling from the benthic zone.
Additionally, restrictions on treatment application in the waterbodies prevented these
types of mesocosms from being feasible for this type of manipulative experiment in this
particular park setting.
Although fish, sediment, vegetation, and benthic invertebrate addition could have
been added to the tanks to simulate a more realistic lake environment, they were not
included in the treatment tanks due to size limitations. Although this would have
increased the realism of the design, the number of factors to replicate in each tank could
have introduced more confounding variables. It is likely that the simplistic design
approach used in this experiment did not account for the more complex pathways through
which acidification and eutrophication occur in a natural setting, and the mediating effect
of soils and vegetation in the watershed. Despite these drawbacks, this design is the most
feasible way to decipher differences between zooplankton community responses to
simulations of multiple stressors in a highly regulated park setting. Therefore, these
experiments provide managers the most tangible estimates for how aquatic communities
could respond to future changes, and assess the mechanisms that lead to changes in
composition without whole-lake manipulation.
The experiment was designed to run for a period of 6 weeks in order to capture at
least one full generation cycle of crustacean zooplankton, which can take 7-32 days to
reach first reproduction at average mesocosm temperatures (~14.6 °C) (Allan 1976). The
experimental tanks showed an unusually large increase in the amount of total phosphorus
throughout this time period. The source of this nutrient was not intuitive to discern and
may have leached from the tanks themselves, been deposited atmospherically in the field,
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or could have been introduced in the lab during analysis. Though we can only speculate
as to the origin of the phosphorus, the consistent increase across treatments and lake
types (as well as significant positive relationships with acid addition in both lake types,
Stocked lake: F4,48=3.457, p=0.015; Fishless lake: F4,48=7.902, p= <0.001) could have
been a driver of the changes in zooplankton communities that were observed. The
experimental addition of nitrate could have shifted the tanks from co-limited to P-limited
systems, however the unknown source of phosphorus led to N-limitation across all
treatments on week 6.
A limited amount of historical information is available on the lakes themselves,
and assessing the biological and chemical conditions of the waterbodies after ice-out can
be difficult. Although stocking records do exist, there was no current data on the density
or age structure of the fish populations in Snow Lake. Having a dataset that describes fish
population details could be used with zooplankton data to more accurately determine
what dynamics exist between the two communities. However, historical data from Snow
Lake indicate that the zooplankton community is representative of a typical fish-stocked
lake (Samora, unpublished data).

CONCLUSION
The results from this experiment show that there were similarities in the
zooplankton community composition between the two lakes, yet their ambient densities
greatly differed. Despite the similarities between these two lakes, there were differences
between the ways both communities responded to the treatments. In the fishless lake
community, H. gibberum and H. franciscanus, and D. pulex were most dominant (99% of
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individuals, 99% of biomass) and drove community-level variables. In the stocked lake
community, H. gibberum, H. franciscanus, and Scapholeberis dominated the community
(77% of individuals, 95% of biomass). The response of both communities to the
independent effects of acid and nitrogen addition differed, however the interaction of
these stressors appeared to increase community metrics in most cases compared to
controls. The stocked community responded positively to the acid treatment, while the
fishless lake community was negatively impacted. The nitrogen addition was observed to
increase abundance and biomass of zooplankton in the fishless lake community, while
not influencing the stocked lake community.
These results indicate that the combination of both acid and nitrogen addition to a
system can have differential impacts on zooplankton based on fish presence or absence,
and that not all stressors will have a damaging effect. In lakes with low productivity, such
as ultra-oligotrophic mountain lakes, slight nitrogen increases could have a beneficial
impact on the zooplankton community and offset the negative effects of acidification.
This research shows that the community with the greatest abundance, biomass, and
richness is more likely to have species that respond positively to stochastic changes
related to atmospheric nitrogen deposition.
Future work
The removal of non-native trout species is a current strategy for restoring native
invertebrate populations in montane lakes. For example, the US Forest Service has been
restoring lakes to a fishless state since 2008 in the Lake Tahoe Basin Management Unit
(Muskopf et al. 2011), while the National Park Service has been following an adaptive
management plan that actively removes fish from lakes since 2009 (National Park
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Service 2008). Little is known about how these systems will recover once returned to a
fishless state and whether they will be more or less at risk to future perturbations.
Recommendations for management decisions would include focusing on lakes with the
lowest ambient zooplankton densities and richness as their populations may be most
sensitive to episodic pluses of nitrogen and acid. Future work on a gradient of nitrogen
deposition for a greater number of lake communities with varying densities of fish would
improve the knowledge on this subject and allow for a better evaluation of future impacts
across a broader class of aquatic montane habitats.
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Table 1. Physicochemical conditions of study lakes
Variable

Mowich Lake

46°56'16.08"

Snow Lake
(Stocked lake
community)
46°45'27.85"

Clover Lake
(Fishless lake
community)
46°55'44.75"

Latitude (N)
Longitude (W)

121°51'44.75"

121°41'52.96"

121°35'36.41"

Elevation (m)

1500

1424

1743

Maximum depth (m)

60.0

10.9

14.0

Area (ha)

45.0

2.6

2.5

pH

7.02

6.90

6.90

Specific conductance (μS∙cm-1)

12.5

10.8

14.0

Total phosphorus (mg∙L-1)

0.03

0.03

0.02

Total nitrogen (mg∙L-1)

0.210

0.163

0.115
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Table 2. Statistical summary of RM-ANOVA on total and edible chlorophyll a fractions
for weeks 2-6. Periphyton for weeks 4 & 6. Subscripts indicate degrees of freedom for
RM-ANOVA. †, p<0.1; *,p<0.05.

Variable

Treatment

Total chlorophyll a

Nitrogen [1,12]
Acid [1,12]
Nitrogen × Acid [1,12]
Time [4,48]
Time × Nitrogen [4,48]
Time × Acid [4,48]
Time × Nitrogen × Acid [4,48]
Nitrogen [1,12]
Acid [1,12]
Nitrogen × Acid [1,12]
Time [4,48]
Time × Nitrogen [4,48]
Time × Acid [4,48]
Time × Nitrogen × Acid [4,48]
Nitrogen [1,12]
Acid [1,12]
Nitrogen × Acid [1,12]
Time [4,48]
Time × Nitrogen [4,48]
Time × Acid [4,48]
Time × Nitrogen × Acid [4,48]

Edible chlorophyll a

Periphyton

Stocked lake
community
F
p Value
Ratio
6.496
0.026*
0.001
0.971
0.144
0.711
3.098
0.024*
0.332
0.855
0.442
0.777
0.247
0.910
9.790
0.009*
2.870
0.116
5.485
0.037*
4.828
0.002*
0.796
0.534
0.654
0.627
3.322
0.018*
2.484
0.141
4.411
0.058†
2.201
0.163
3.708
0.078†
1.680
0.219
2.071
0.176
2.099
0.173

Fishless lake
community
F
p Value
Ratio
1.492
0.245
2.587
0.134
3.483
0.087†
0.778
0.545
0.417
0.795
0.222
0.925
0.814
0.522
3.489
0.086†
1.156
0.303
4.64
0.052†
1.069
0.382
0.779
0.544
0.916
0.463
1.14
0.345
3.040
0.106
0.225
0.644
0.821
0.383
11.137 0.006*
2.927
0.113
0.205
0.658
4.199
0.063†
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Table 3. Statistical summary of RM-ANOVA on zooplankton community data for weeks 2 –
6. Subscripts indicate degrees of freedom for RM-ANOVA. †, p<0.1; *,p<0.05 .

Treatment
Nitrogen [1,12]
Acid [1,12]
Nitrogen × Acid [1,12]

Stocked lake
community
F Ratio
p Value
1.327
0.272
0.005
0.947
0.423
0.527

Fishless lake
community
F Ratio
3.229
<0.001
3.216

p Value
0.099†
0.992
0.098†

Time [4,48]
Time × Nitrogen [4,48]
Time × Acid [4,48]
Time × Nitrogen × Acid [4,48]
Nitrogen [1,12]
Acid [1,12]
Nitrogen × Acid [1,12]
Time [4,48]
Time × Nitrogen [4,48]

2.750
1.448
0.687
0.149
0.076
2.011
1.462
3.116
0.965

0.039*
0.233
0.604
0.963
0.787
0.182
0.250
0.023*
0.436

19.115
4.875
1.550
0.450
5.367
1.020
3.150
28.097
4.535

<0.001*
0.002*
0.203
0.772
0.039*
0.333
0.101
<0.001
0.003*

ShannonWeiner

Time × Acid [4,48]
Time × Nitrogen × Acid [4,48]
Nitrogen [1,12]
Acid [1,12]
Nitrogen × Acid [1,12]
Time [4,48]
Time × Nitrogen [4,48]
Time × Acid [4,48]
Time × Nitrogen × Acid [4,48]
Nitrogen [1,12]
Acid [1,12]

3.298
0.079
0.231
0.122
6.928
1.821
2.019
1.434
0.781
1.212
0.465

0.018*
0.988
0.640
0.733
0.022*
0.140
0.107
0.237
0.543
0.293
0.508

2.816
2.279
2.056
0.071
0.085
2.913
0.545
1.395
0.660
1.530
0.434

0.035*
0.074†
0.177
0.795
0.775
0.031*
0.703
0.250
0.623
0.240
0.522

diversity

Nitrogen × Acid [1,12]

6.735

0.023*

0.164

0.693

Time [4,48]
Time × Nitrogen [4,48]
Time × Acid [4,48]
Time × Nitrogen × Acid [4,48]
Nitrogen [1,12]
Acid [1,12]
Nitrogen × Acid [1,12]
Time [4,48]

5.510
0.162
0.614
1.147
0.007
0.359
3.880
2.680

0.001*
0.956
0.655
0.346
0.933
0.560
0.072†
0.043*

1.100
0.740
1.131
0.195
1.707
1.307
1.307
2.544

0.368
0.569
0.353
0.940
0.216
0.275
0.275
0.055†

Time × Nitrogen [4,48]
Time × Acid [4,48]
Time × Nitrogen × Acid [4,48]

0.462
1.846
0.37

0.764
0.135
0.851

2.304
1.584
1.344

0.072†
0.194
0.276

Variable
Abundance

Biomass

Body size

Richness
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Table 4. Statistical summary of RM-ANOVA on individual taxa abundance for weeks
2 – 6 for dominant taxa. Subscripts indicate degrees of freedom for RM-ANOVA. †,
p<0.1; *,p<0.05 .

Taxa
Holopedium gibberum

Daphnia pulex

Hesperodiaptomus
franciscanus

Eucyclops agilis

Scapholeberis

Treatment
Nitrogen [1,12]
Acid [1,12]
Nitrogen × Acid [1,12]
Time [4,48]
Time × Nitrogen [4,48]
Time × Acid [4,48]
Time × Nitrogen × Acid [4,48]
Nitrogen [1,12]
Acid [1,12]
Nitrogen × Acid [1,12]
Time [4,48]
Time × Nitrogen [4,48]
Time × Acid [4,48]
Time × Nitrogen × Acid [4,48]
Nitrogen [1,12]
Acid [1,12]
Nitrogen × Acid [1,12]
Time [4,48]
Time × Nitrogen [4,48]
Time × Acid [4,48]
Time × Nitrogen × Acid [4,48]
Nitrogen [1,12]
Acid [1,12]
Nitrogen × Acid [1,12]
Time [4,48]
Time × Nitrogen [4,48]
Time × Acid [4,48]
Time × Nitrogen × Acid [4,48]
Nitrogen [1,12]
Acid [1,12]
Nitrogen × Acid [1,12]
Time [4,48]
Time × Nitrogen [4,48]
Time × Acid [4,48]
Time × Nitrogen × Acid [4,48]

Stocked lake
community
F Ratio p Value
0.857
0.373
0.962
0.346
1.188
0.297
0.960
0.438
1.001
0.416
1.043
0.395
0.921
0.460
0.095
0.763
1.534
0.239
6.102
0.029*
4.734
0.003*
0.027
0.999
0.119
0.975†
6.295
<0.001*
0.020
0.890
3.115
0.103
1.276
0.281
4.727
0.003*
0.524
0.718
4.648
0.003*
0.055
0.994
0.146
0.709
0.305
0.591
0.650
0.436
4.727
0.003*
0.544
0.704
2.118
0.093
0.143
0.965
1.219
0.291
0.014
0.908
0.157
0.699
1.488
0.221
0.867
0.491
0.461
0.764
1.314
0.278

Fishless lake
community
F Ratio p Value
0.157
0.699
2.548
0.136
0.235
0.636
9.075
<0.001*
2.727
0.040*
0.844
0.504
1.738
0.157
0.233
0.638
1.644
0.224
0.558
0.469
6.500
<0.001*
0.636
0.640
1.779
0.148
0.174
0.951
8.610
0.013*
0.438
0.521
3.126
0.102
48.596 <0.001*
4.755
0.003*
0.455
0.768
0.471
0.757
0.233
0.638
0.651
0.435
1.279
0.280
1.862
0.132
0.238
0.915
0.899
0.472
0.839
0.507
2.098
0.173
2.491
0.140
2.744
0.124
1.940
0.119
2.181
0.085†
2.267
0.076†
2.058
0.101
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Table 5. Summary of significant zooplankton community composition results for
main and interactive effects of treatment applications. Significant effects considered
with and without time interaction. Dash lines, no effect; light arrows, p<0.1; bold
arrows, p<0.05.

Acid

Biomass ↑

Biomass ↓

Nitrogen

------------------

Abundance, biomass ↑
Richness ↑

Nitrogen X Acid

Body size, Shannon-Weiner

↔
Richness ↔

Abundance, biomass ↔

diversity
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Rotifers

Small cladocerans
- Acid

+ Acid

Copepods
- Acid

+ Nitrogen

+ Acid

Large cladocerans

Eutrophication

Acid + Nitrogen

Eutrophication

- Nitrogen

Acid + Nitrogen

Acidification

Control

Acidification

Control

Figure 1. A conceptual model displaying the various forms of wet deposition (snow and rainfall)
which can eutrophy and acidify a lake depending on the concentration of the compounds, the total
amount of deposition, and the physicochemical conditions of the lake. These stressors can result in a
variety of impacts to zooplankton communities based on their food web structure, which can be
strongly influenced by fish presence (fewer large-bodied crustacean taxa, greater abundance of rotifers
and small-bodied taxa, and reduction of diversity when fish present; zooplankton species not show to
scale). Experimental 2x2 factorial design model depicts treatment levels applied. Directional arrows
indicate predicted changes to zooplankton abundance resulting from fates of nitrogen deposition based
on fish presence or absence, while width indicates magnitude of change.
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a

b

Mowich Lake
Clover Lake
Mount Rainier
National Park

Longmire

Snow Lake

c

Figure 2. The location of study lakes and sampling locations within Mount Rainier National
Park, Washington. Experimental tanks were located in Longmire, with source water from
Mowich Lake (a). Zooplankton were collected from fishless Clover Lake (b) and fishinhabited Snow Lake (c). Relief shading simulates sunlight and shadows on terrain to
illustrate topography. Map created using ArcGIS software, ESRI basemaps, and shapefiles
from NPS spatial data resources. Map shown using the Transverse Mercator projection and
the North American 1983 geographic coordinate system.
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Figure 3. Chlorophyll a concentration (μg∙L-1) for both communities for weeks 1-6 (shown
with SE). Lake data shown as average for weeks 1-6 (±SE). Total chlorophyll panel a, b.
Edible chlorophyll panel c, d. Periphyton, panel e, f. Panels a, c, and e represent stocked lake
communities, whereas panels b, d, and f represent fishless lake communities. The week 2
data point for the nitrogen× acid treatment in panel c is skewed by two tanks with unusually
high values, which gives the appearance of the edible fraction being larger than total.
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Chlorophyll a concentration (μg∙L-1)

0.05

Nitrogen
1
0

0.04
0.03
0.02
0.01
0
0

1
Acid

Figure 4. Interaction plots for significant effects of acid and nitrogen
additions on edible chlorophyll a. 1 = addition, 0 = no addition. Points
represented as averaged edible chlorophyll a concentrations values by
treatment for weeks 2 – 6, shown with standard error bars. Data indicates
that nutrients had a positive effect on edible chlorophyll a concentration
in the presence of acid.

41

-2

0

2

4

-4
B

-2

0

2

4

2

0.4

0

0.0

2
0

b

e

-0.6

-4

c

c

d

b

-0.4

-2

d

a

-2

-0.2

e

-0.5

Component 2
0.0

0.5

a

0.2

4

4

A

-0.5

0.0
0.5
Component 1

1

-0.6

2

3

4

5

-0.4

-0.2 0.0
0.2
Component 1

0.4

6

Week
Figure 5. Scatterplots of PCA scores from component 1 & 2 for both communities. Treatment symbols
shaded to reflect week of sampling. Stocked lake zooplankton community plot (panel A) represents
58% of variance (component 1 = 36%, component 2 = 22%). Fishless lake zooplankton community plot
(panel B) represents 82% of variance (component 1 = 61%, component 2 = 21%). Taxa vectors are
represented by the gray arrows (a: Holopedium gibberum, b: Eucyclops agilis, c: Scapholeberis, d:
Hesperodiaptomus franciscanus, e: Daphnia pulex).
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Figure 6. Community composition metrics for weeks 1-6 for both communities (shown with SE).
Panels a, c, e, g, and i represent stocked lake zooplankton communities, whereas panels b, d, f, h,
and i represent fishless lake zooplankton communities. Lake metrics shown as average for weeks 16 (±SE). Average total zooplankton abundance (individuals·m-3) panel a, b. Total biomass (ug ·L-1)
panel c, d. Average body size weighted by abundance (µm) panel e, f. Shannon-Weiner diversity
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panel g, h. Species richness panel i, j.
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Figure 7. Interaction plots for significant and nearly significant effects of acid and nitrogen
additions on community metric data. 1 = addition, 0 = no addition. Abundance (individuals· m-3),
fishless lake communities, panel a. Total biomass (μg.L-1), fishless lake communities, panel b.
Body size (μm), stocked lake communities, panel c. Richness, stocked lake communities, panel d.
Shannon-Weiner diversity, stocked lake communities, panel e. Points represented as averaged
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values by treatment for weeks 2 – 6, shown with standard error bars.
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Figure 8. Relative abundance of species for weeks 1 – 6 for both communities. Tank
abundance values averaged by treatment. Control tanks, panels a & b. Nitrogen addition
tanks, panels c & d. Acid addition tanks, panels e & f. Nitrogen × Acid addition tanks, panels
g & h.
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Figure 9. Zooplankton taxa average abundance for weeks 1-6 for both communities (shown
with SE). Lake abundance shown as average for weeks 1-6 (with SE). Holopedium gibberum
panel a, b. Daphnia pulex panel c, d. Hesperodiaptomus franciscanus panel e, f. Eucyclops
agilis panel g, h. Scapholeberis panel i, j.
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Figure 10. Interaction plots for significant effects of acid and nitrogen additions on
Daphnia pulex. 1 = addition, 0 = no addition. Points represented as averaged values
by treatment for weeks 2 – 6, shown with standard error bars.
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Appendix A. Two-factor ANOVA for community composition and environmental condition
on Week 1 in treatment tanks. Subscripts indicate degrees of freedom for two-factor
ANOVA. †, p<0.1; *,p<0.05.

Variable
Temperature

Dissolved Oxygen

Specific Conductance

pH

Abundance

Biomass

Body size

Richness

Shannon-Weiner diversity

Treatment
Nitrogen [1,12]
Acid [1,12]
Nitrogen × Acid [1,12]
Nitrogen [1,12]
Acid [1,12]
Nitrogen × Acid [1,12]
Nitrogen [1,12]
Acid [1,12]
Nitrogen × Acid [1,12]
Nitrogen [1,12]
Acid [1,12]
Nitrogen × Acid [1,12]
Nitrogen [1,12]
Acid [1,12]
Nitrogen × Acid [1,12]
Nitrogen [1,12]
Acid [1,12]
Nitrogen × Acid [1,12]
Nitrogen [1,12]
Acid [1,12]
Nitrogen × Acid [1,12]
Nitrogen [1,12]
Acid [1,12]
Nitrogen × Acid [1,12]
Nitrogen [1,12]
Acid [1,12]
Nitrogen × Acid [1,12]

Stocked lake
community
F Ratio p Value
0.593
0.456
1.055
0.325
0.593
0.456
0.073
0.791
0.157
0.699
2.321
0.154
0.171
0.687
0.027
0.871
0.753
0.402
2.301
0.155
0.423
0.528
2.642
0.130
0.730
0.410
3.973
0.070†
2.027
0.180
0.533
0.479
1.401
0.259
0.601
0.453
0.113
0.742
0.031
0.862
0.068
0.799
0.143
0.712
3.571
0.083†
1.286
0.279
3
0.109
3
0.109
3
0.109

Fishless lake
community
F Ratio p Value
0.004
0.949
0.039
0.847
0.004
0.949
1.177
0.299
0.404
0.537
1.240
0.287
1.165
0.302
0.720
0.413
0.720
0.413
0.547
0.474
2.043
0.178
4.919
0.050†
2.160
0.167
1.633
0.226
3.848
0.073†
3.514
0.0854†
1.273
0.2812
3.506
0.086
9.505
0.009*
1.806
0.204
1.733
0.213
0
1
2
0.183
0
1
1.400
0.260
0.570
0.465
0.129
0.726
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Appendix B. Comparison of response variables on treatments after Nitrogen additions
for week 2. pH and SPC calculated with a 2-factor ANOVA in R. TN calculated with a
2-factor ANOVA with replication in Excel. Subscripts indicate degrees of freedom for
ANOVA. †, p<0.1; *,p<0.05.
Stocked lake community
Variable
pH

Specific Conductance

Variable
TN

Treatment
Nitrogen [1,12]
Acid [1,12]
Nitrogen × Acid [1,12]
Nitrogen [1,12]
Acid [1,12]
Nitrogen × Acid [1,12]

F Ratio
1.025
372.915
0.005
10.354
77.188
0.221

p Value
0.331
<0.001*
0.944
0.007*
<0.001*
0.647

Treatment
Control & Nitrogen[1,15]

Stocked lake & Fishless lake
community
F Ratio
p Value
12.543
0.003*

Fishless lake
community
F Ratio
p Value
0.046
0.834
9.029
0.011*
0.220
0.648
0.069
0.797
6.863
0.022*
1.344
0.269
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Appendix C. Statistical summary of RM-ANOVA on environmental conditions for each
treatment level for weeks 2 – 6. Total Nitrogen for week 6 only. Subscripts indicate degrees of
freedom for RM-ANOVA. †, p<0.1; *,p<0.05.

Variable
Temperature

Dissolved Oxygen

Specific Conductance

pH

Total Phosphorus

Total Nitrogen

Treatment
Nitrogen [1,12]
Acid [1,12]
Nitrogen × Acid [1,12]
Time [4,48]
Time × Nitrogen [4,48]
Time × Acid [4,48]
Time × Nitrogen × Acid [4,48]
Nitrogen [1,12]
Acid [1,12]
Nitrogen × Acid [1,12]
Time [4,48]
Time × Nitrogen [4,48]
Time × Acid [4,48]
Time × Nitrogen × Acid [4,48]
Nitrogen [1,12]
Acid [1,12]
Nitrogen × Acid [1,12]
Time [4,48]
Time × Nitrogen [4,48]
Time × Acid [4,48]
Time × Nitrogen × Acid [4,48]
Nitrogen [1,12]
Acid [1,12]
Nitrogen × Acid [1,12]
Time [4,48]
Time × Nitrogen [4,48]
Time × Acid [4,48]
Time × Nitrogen × Acid [4,48]
Nitrogen [1,12]
Acid [1,12]
Nitrogen × Acid [1,12]
Time [4,48]
Time × Nitrogen [4,48]
Time × Acid [4,48]
Time × Nitrogen × Acid [4,48]
Nitrogen [1,12]
Acid [1,12]
Nitrogen × Acid [1,12]

Stocked lake
community
F Ratio
p Value
1.196
0.296
5.694
0.034*
0.633
0.442
1479.133 <0.001*
0.909
0.467
0.852
0.499
0.036
0.997
<0.001
0.984
<0.001
0.993
1.118
0.311
35.449
<0.001*
1.528
0.209
0.398
0.809
0.624
0.648
0.831
0.380
47.155
<0.001*
0.676
0.427
4.236
0.056†
0.207
0.684
4.814
0.043*
1.152
0.310
0.218
0.649
79.016
<0.001*
0.676
0.427
27.726
<0.001*
2.884
0.032*
4.134
0.006*
1.152
0.344
0.129
0.278
1.073
0.321
0.402
0.538
82.835
<0.001*
0.706
0.592
3.457
0.015*
0.457
0.766
3.658
0.080†
0.013
0.912
0.013
0.912

Fishless lake
community
F Ratio
p Value
2.103
0.173
1.738
0.212
6.608
0.025*
1039.694 <0.001*
0.453
0.770
0.052
0.995
0.226
0.923
0.180
0.679
0.241
0.632
0.733
0.409
57.974
<0.001*
0.552
0.698
0.736
0.572
1.577
0.196
0.048
0.830
10.610
0.007*
0.605
0.452
1.349
0.266
0.811
0.524
0.545
0.703
1.991
0.111
0.418
0.530
28.118
<0.001*
0.304
0.591
4.417
0.004*
0.557
0.695
3.524
0.013*
0.900
0.471
0.089
0.771
10.429
0.007*
1.686
0.219
78.342
<0.001*
0.526
0.717
7.902
<0.001*
2.179
0.085†
1.327
0.272
0.378
0.550
1.327
0.272
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Appendix D. Environmental condition data for weeks 1-6 for both communities (shown
with SE). Lake data shown as average for weeks 1-6 (with SE). Average water
temperature (°C) panel a, b. Dissolved oxygen (mg∙L-1) panel c, d. Specific conductance
(μS∙cm-1) panel e, f. pH panel g, h. Total phosphorus (mg∙L-1) panel i, j.
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Appendix E. Comparison of zooplankton community metrics and environmental
conditions of lakeside reference tanks and control tanks for all weeks using separate
MANOVAs for community and environmental data. Subscripts indicate degrees of
freedom for MANOVA. There were 2 observations missing data in both communities,
and were thus omitted from the analysis. †, p<0.1; *,p<0.05.

Variable

Stocked lake
community
F Value p Value

Fishless lake
community
F Value
p Value

Wilks test 1,34

3.613

0.011*

1.285

0.297

Abundance 1,34

0.002

0.969

1.127

0.296

Biomass 1,34

3.723

0.062†

0.526

0.474

Body size

<0.001

0.989

0.034

0.855

Richness 1,34

0.047

0.830

2.099

0.157

Shannon-Weiner diversity 1,34

6.936

0.013*

0.385

0.539

Variable

Stocked lake
community
F Value p Value

Fishless lake
community
F Value
p Value

Wilks test 1,32

30.024

<0.001*

25.751

<0.001*

Total chlorophyll a 1,32

5.704

0.023*

0.958

0.335

Edible chlorophyll a 1,32

3.132

0.086†

1.485

0.232

Temperature 1,32

1.7181

0.199

17.595

<0.001*

Dissolved oxygen 1,32

5.464

0.026*

0.731

0.399

Specific conductance 1,32

100.90

<0.001*

0.043

0.837

pH 1,32

<0.001

0.991

13.715

<0.001*

1,34
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